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In many adult tissues, homeostasis relies on self-re-
newing stem cells that are primed for differentiation.
The reconciliation mechanisms of these character-
istics remain a fundamental question in stem cell
biology. We propose that regulation at the post-
transcriptional level is essential for homeostasis
in murine spermatogonial stem cells (SSCs). Here,
we show that Nanos2, an evolutionarily conserved
RNA-binding protein, works with other cellular
messenger ribonucleoprotein (mRNP) components
to ensure the primitive status of SSCs through a
dual mechanism that involves (1) direct recruitment
and translational repression of genes that promote
spermatogonial differentiation and (2) repression of
the target of rapamycin complex 1 (mTORC1), a
well-known negative pathway for SSC self-renewal,
by sequestration of the core factor mTOR in mRNPs.
This mechanism links mRNA turnover to mTORC1
signaling through Nanos2-containing mRNPs and
establishes a post-transcriptional buffering system
to facilitate SSC homeostasis in the fluctuating envi-
ronment within the seminiferous tubule.
INTRODUCTION
The maintenance of a wide variety of adult tissues depends
on resident stem cell pools with self-renewal potential that
generate differentiating progenitor cells. Factors that regulate
the balance between stem cell self-renewal and differentiation
ensure tissue homeostasis, and disruption of these regulatory
mechanisms leads to tissue degeneration (Barker et al., 2010).
One mechanism recently proposed for maintenance of adult
stem cell homeostasis is messenger ribonucleoprotein (mRNP)
complex-mediated post-transcriptional regulation (Crist et al.,96 Developmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc.2012). This RNA-based regulation mechanism facilitates adjust-
ment of stem-cell responses to deal with the rapid diversification
of surrounding signals. The fate of mRNAs is controlled by a
complicated repertoire of mRNP-associated proteins that func-
tion at pre-mRNA processing, mRNA localization, sequestration,
or degradation (Mitchell et al., 2013). Processing bodies (PBs)
and stress granules (SGs) are the major, well-characterized
mRNPs present in the cytoplasm. Generally, these conserved
structures rapidly form under stress conditions such as heat,
hypoxia, and low nutrient supply, and dynamically control
mRNA decay and/or transient sequestration (Mitchell and
Parker, 2014). The size and number of PBs and SGs reflect the
status of the mRNA supply (Anderson and Kedersha, 2009). In
some cells, such as germ cells and neurons, PBs and SGs exist
in steady state (Balagopal and Parker, 2009), indicating active
post-transcriptional regulation in these cells. However, the func-
tions and targets of thesemRNPs in such contexts remain largely
unknown.
Spermatogonial stem cells (SSCs) are the foundation of sper-
matogenesis. They possess self-renewal ability, which contrib-
utes to spermatozoa production throughout the lifetime of male
animals (de Rooij et al., 2008). Undifferentiated spermatogonia
are characterized as Asingle (As), Apaired (Apr), and Aaligned (Aal)
spermatogonia according to their morphological features (de
Rooij et al., 2008). A limited number of cell-intrinsic factors
participate in SSC function. Among them, Nanos2, an evolution-
arily conserved RNA-binding protein, is one of the most critical.
Murine Nanos2 plays an essential role in both embryonic gono-
cytes and postnatal SSCs (Sada et al., 2009; Suzuki and Saga,
2008). In adult testes, Nanos2 and GFRa1 are the markers of
the most primitive stem cell populations (Suzuki et al., 2009).
The GFRa1+/Nanos2+ population forms a steady stem cell
pool; however, once these cells gain Neurogenin3 (Ngn3)
expression, they enter the differentiation pathway (Hara et al.,
2014; Sada et al., 2009). During spermatogenesis, precise
environmental cues and signaling are synchronized with seminif-
erous tubule stage, which governs germ cell differentiation
(Hess and Renato de Franca, 2008). Sertoli cells within the
testis secrete glial cell line-derived neurotrophic factor (GDNF)
Figure 1. Cytoplasmic mRNP Compo-
nents Are Highly Enriched in Nanos2+
Spermatogonia
(A) A schematic illustration showing the properties
of early spermatogonial populations based on
gene expression. The x axis shows the differenti-
ation stage. The y axis shows the self-renewal
capacity.
(B) A schematic illustration showing the isolation
procedure for Nanos2+, Ngn3+, and c-Kit+ sper-
matogonia from juvenile testis (3–4 weeks) by flow
cytometry using transgenic mice (Nanos2+ and
Ngn3+) and an anti-c-Kit antibody.
(C) The relative mRNA levels of major mRNP
markers in Nanos2+, Ngn3+, c-Kit+ spermato-
gonia, and GS cells as measured by qPCR
analyses. The average relative mRNA levels
(±SD) are shown (n = 3), with the mRNA level
of Nanos2 assigned a value of 1. Asterisks
indicate significant differences between each
population by t test (*p < 0.05, **p < 0.01,
***p < 0.001).
(D) Representative image of Dcp1a and Rck foci in
isolated Nanos2+ cells immunostained with Dcp1a
and Rck antibodies. Scale bar, 5 mm. The detailed
method is provided in the Supplemental Experi-
mental Procedures.
(E) Statistic analyses of Rck, Dcp1a, and
Nanos2 focus counting in different spermatogo-
nial populations. The mean ± SD (n = 15) for
each population is shown. The number of foci
in the Ngn3+ and c-Kit+ cell populations was
compared to those in the Nanos2+ population by
t test.
(F) Shown is a representative wild-type testis
section (4 weeks) immunostained for Nanos2,
Rck, and CDH1, and then counterstained
with DAPI. Nanos2 and Rck co-localized to the same sparkle-like granules. Rck is a marker for both PBs and SGs. Scale bar, 10 mm.
(G) Western blot of a coIP experiment in GSCs with an anti-Nanos2 antibody. Cnot9 was used as a positive control for interaction with Nanos2 (Bhandari et al.,
2014; Suzuki et al., 2010). Normal rabbit IgG was used as a negative control.
See also Figure S1.to promote the self-renewal of SSCs via the GFRa1/c-Ret recep-
tor (Meng et al., 2000), and the secretion of GDNF is dependent
on seminiferous tubule stage (Hasegawa et al., 2013). Another
stage-dependent signal is retinoic acid (RA), which promotes
the differentiation of germ cells (Yoshida et al., 2006). These envi-
ronmental cues affect the development of germ cells and
generate a differentiation stage-dependent germ cell distribution
(Hess and Renato de Franca, 2008). However, GFRa1+/Nanos2+
primitive spermatogonia randomly distribute along the seminifer-
ous tubule in a stage-independent manner (Hara et al., 2014),
and little is known regarding the precise mechanisms by which
GFRa1+/Nanos2+ spermatogoniamaintain stem cell-like proper-
ties and overcome the fluctuating signals of the seminiferous
tubule.
Nanos2 localizes to and is involved in the deadenylation and
degradation of target mRNAs (Suzuki et al., 2010). We previously
observed rapid degeneration of spermatogenesis following con-
ditional knockout of Nanos2 in adult spermatogonia (Sada et al.,
2009). Thus, we speculated that organization of an appropriate
post-transcriptional profile by mRNPs is a critical event in
SSCs. Recently, the assembly of mRNPs was shown to inhibit
the activation of mTORC1, a critical modulator of homeostasisDin many cell types, including cells of the spermatogonial lineage
(Chen et al., 2008; Hobbs et al., 2010). mTORC1 promotes pro-
tein translation and cell growth by modifying components of the
translation machinery (Laplante and Sabatini, 2012). As SSC
maintenance requires Nanos2, we speculated that Nanos2
might crosstalk with mTORC1 signaling to facilitate SSC homeo-
stasis. To address this question, we developed systems to
genetically manipulate the expression of mRNP components in
SSCs. We found that Nanos2-containing mRNPs defined the
post-transcriptional profile by recruiting and repressing specific
transcripts in SSCs. Furthermore, Nanos2 enhanced the
condensation of mRNPs, which counteracts mTORC1 activity
due to mTOR sequestration. This dual mechanism, which is
mediated by Nanos2, contributes to SSC homeostasis in vivo.
RESULTS
Cytoplasmic mRNP Components Are Highly Enriched in
Nanos2+ Spermatogonia, Where They Interact
with Nanos2
Nanos2 is expressed in the most primitive SSCs, which have the
highest self-renewal activity (Figure 1A). Because the number ofevelopmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc. 97
mRNPs is significantly reduced in Nanos2/ gonocytes (Suzuki
et al., 2010), we speculated that Nanos2 may control the
dynamic formation of mRNP foci during spermatogenesis. We
examined the expression of Rck, a core component of the cyto-
plasmic mRNP that mediates post-transcriptional mRNP focus
formation (both PBs and SGs) (Balagopal and Parker, 2009). In
whole mount staining, we observed clear Rck foci in CDH1+
undifferentiated spermatogonia, but rarely in somatic cells
(Figure S1A). We further addressed whether the number and
properties of mRNPs changed during spermatogonial differen-
tiation. Using Nanos2-mCherry/Ngn3-GFP double transgenic
mice, we isolated three spermatogonial subpopulations by
fluorescence-activated cell sorting (FACS): (1) Nanos2+ undiffer-
entiated spermatogonia, (2) Ngn3+/cKit- undifferentiated sper-
matogonia, and (3) Ngn3+/cKit+ differentiating spermatogonia
(Figures 1B, S1B, and S1C). By quantitative PCR (qPCR), we
confirmed that Nanos2 expression was greatly reduced in the
Ngn3+ population (Figure S1D). We also confirmed the expres-
sion of Nanos2-mCherry within the GFRa1+ population, but
never observed it in cKit+ spermatogonia (Figures S1E and
S1F). In each isolated cell population, we found that the tran-
script and protein levels of mRNP components were highly
enriched in Nanos2+ spermatogonia and then decreased during
differentiation (Figures 1C–1E). Furthermore, we detected
Nanos2 in Rck+ foci in vivo (Figure 1F). Then, to address the pos-
sibility that Nanos2 interacts with mRNP components, we con-
ducted an immunoprecipitation assay using cultured germline
stem cells (GSCs) (Hobbs et al., 2012). Subsequently, we
confirmed a specific interaction between Nanos2 and the
mRNP components Rck and Dcp1a, but not Mvh, a germ cell
protein expressed in GS cells (Figure 1G). The results suggest
that Nanos2 organizes an active post-transcriptional profile by
interacting with mRNP components in primitive SSCs.
Nanos2-Containing mRNPs Are Required for
Maintenance of GSCs
To investigate the events mediated by Nanos2-containing
mRNPs in spermatogonia, we generated GSCs from neonatal
Nanos2 conditional knockout (cKO) and overexpression (cOE)
mice (Sada et al., 2009). In these Nanos2-cKO and cOE GSCs,
Nanos2 was successfully knocked out and overexpressed by
treatment with 4-hydroxytamoxifen (4-OHT), respectively (Fig-
ure 2A). We then traced the cell recovery rate of these GSC lines
for two passages (separated by a 5-day interval). As observed
in vivo, Nanos2-cKOGSCs also exhibited amaintenance defect,
the presence of an increased number of floating clones, which is
indicative of GSC differentiation (Morimoto et al., 2013) (Fig-
ure 2B). Notably, significant upregulation of differentiation genes
was observed in Nanos2-cKO GSCs (Figure S2A). In contrast,
we noted a significant reduction in the number of Nanos2-cOE
GSCs (Figure 2B); this result can be attributed to the reduction
in cell-cycle progression (Figure S3B), which was suggested
by our analysis of Nanos2+ SSCs (Figure S3A) and is consistent
with previous Nanos2-cOE mouse results (Sada et al., 2009).
Interestingly, the number of Rck foci was significantly lower in
Nanos2-cKO GSCs than in control cells (Figure 2C; Table S1).
In contrast, the number of Rck foci in Nanos2 cOE GSCs was
higher than that in control cells (Figure 2C; Table S1). This sug-
gested a cause and effect relationship between Nanos2 level98 Developmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc.and mRNP foci formation. To examine whether mRNP assembly
affects SSC function, we conditionally knocked down (cKD) Rck,
which is indispensable for mRNP foci formation (Chu and Rana,
2006), in Rosa-CreERT2 GSCs using lentivirus-mediated RNAi
(Figures 2D, S2B, and S2C). As expected, mRNP foci formation,
detected by Dcp1a staining, was markedly decreased (Figures
2E and 2F). The results of the cell recovery experiment showed
that Rck was also required for maintenance of cultured GSCs
(Figure 2G). We then checked gene expression by qPCR and
found that the expression of spermatogonial marker genes was
reduced. Differentiation genes, such as Sohlh1, Sohlh2, Ngn3,
and C-kit, were significantly upregulated after 2 days of 4-OHT
treatment, whereas genes involved in self-renewal, such as
Gfra1 and Ret, were significantly reduced in Rck-cKD GSCs af-
ter 4 days of treatment (Figure 2H). These results suggest that
mRNP assembly represses the expression of differentiation
genes, thereby indirectly creating a cellular transcriptome for
‘‘stem cell maintenance.’’
Nanos2 Repressed mTORC1 Signaling by Promoting
mTOR Sequestration in mRNPs
The Nanos2+ spermatogonial subpopulation exhibited a slower
cell-cycle transition than differentiating subpopulations (Fig-
ure S3A). In addition, Nanos2-cOE GSCs were enriched in
G0/G1 phase of the cell cycle (Figure S3B). Thus, we aimed to
determine how Nanos2-containing mRNPs contribute to sup-
pression of spermatogonial differentiation. Increasing evidence
indicates that condensation of mRNPs suppresses mTORC1
signaling, a critical signal involved in both SSC growth and differ-
entiation (Takahara and Maeda, 2012; Thedieck et al., 2013;
Wippich et al., 2013). Considering that Nanos2 contributes to
mRNP focus formation in the embryonic gonad (Suzuki et al.,
2010) and SSCs (Figures 1C and 2C), we hypothesized that a
high level of Nanos2 compromises mTORC1 activity. To test
this possibility, we examined the expression of major compo-
nents in the mTORC1 signaling pathway (Hobbs et al., 2010).
Compared to the Ngn3+ population, Nanos2+ cells in isolated
spermatogonia had less phosphorylated ribosomal protein S6
(p-Rps6), a key output ofmTORC1 signaling (Figure S3C). Deple-
tion of Nanos2 increased the levels of p-Rps6, whereas overex-
pression of Nanos2 decreased p-Rps6 levels compared to the
controls (Figures 3A–3D). In addition, Nanos2-cOE GSCs were
smaller than the control cells, which is consistent with the effects
of decreased mTORC1 activity (Figure S3D) (Hobbs et al., 2010).
AKT and ERK activation was unaffected by changes in Nanos2
levels (Figures 3A and S3E). Plzf suppresses mTORC1 activity
by enhancing the expression of the mTORC1 inhibitor Redd1
in spermatogonia (Hobbs et al., 2010). However, we found that
Nanos2 did not affect Plzf and Redd1 levels (Figures 3A and
4A), indicating that Nanos2 represses mTORC1 activity in
GSCs via alternate mechanisms.
We then investigated the crosstalk between Nanos2 and
mTORC1 signaling. Nanos2-cKO GSCs showed hyperactivation
of mTORC1 (Figure 3A). However, this activation was signifi-
cantly compromised by treatment with an inhibitor of mTORC1,
rapamycin (RAPA) (Figures 3E and 3F). Interestingly, RAPA
treatment partially rescued the recovery of the Nanos2-cKO
cells (Figure 3G). These results indicate that the decreased cell
recovery of Nanos2 cKO GSCs was partially due to increased
Figure 2. mRNPs Components Are
Required for SSC Maintenance
(A) Nanos2-conditional knockout (cKO) and con-
ditional overexpressing (cOE) GSCs treated with
DMSO (vehicle) or 4-OHT (1 mM) for 48 hr were
harvested for western blotting. The filled triangle
indicates endogenous Nanos2, and the empty
triangle indicates 3 3 flag-Nanos2, which is also
shown in Figures 3C and 3H.
(B) Nanos2-cKO and Nanos-cOE GSCs were
plated in medium containing DMSO or 4-OHT and
passaged three times at 5-day intervals. The
number of cells was counted to determine cell
recovery as an indicator of growth. The mean ± SD
(n = 3) is shown. The numbers of Nanos2 cKO and
cOE GSCs treated with DMSO or 4-OHT at
each time point were compared by t test (*p < 0.05;
**p < 0.01).
(C) A portion of the GSC populations from (B) was
fixed for immunofluorescence (IF) with an anti-Rck
antibody, and the number of foci was quantified.
The mean (±SD) is shown for each group (n = 20).
The foci in the Nanos2 cKO and cOE population
incubated with 4-OHT were compared to those
incubated with DMSO by t test.
(D) Stable GSCs infected with lentiviruses con-
taining an inducible control shRNA or Rck shRNA
were cultured with DMSO or 4-OHT (1 mM) for 48 hr
and then harvested for western blotting. The
mean ± SD (n = 3) is shown above a representative
western blot (see also Figure S2).
(E and F) Rck-cKDGSCswere fixed and used for IF
with anti-RCK and Dcp1a antibodies (E), and the
number of foci was quantified (F) as shown in (C)
(n = 20).
(G) Rck cKDGSCswere cultured as shown in (B) to
determine the cell recovery rate. Themean (±SD) is
shown (n = 3).
(H) QPCR analysis of the key spermatogonial
marker genes in Rck-cKD GSCs treated with
4-OHT for 48 and 96 hr. For each gene, the
average mRNA level in GSCs treated with 4-OHT was subtracted from that in GSCs treated with DMSO (n = 3), and is shown as (log2) (±SD). The mRNA levels
in Rck-cKD GSCs treated with 4-OHT were compared to the levels in the same cells treated with DMSO at 48 hr and 96 hr by t test (*p < 0.05; **p < 0.01).
See also Figure S2.mTORC1 activity. However, the number of RAPA-treated
Nanos2-cKO GSCs ultimately declined, probably due to differ-
entiation induced by Nanos2 deletion (Figure 3G). In contrast,
RA is known to promote the in vitro differentiation of cultured
GSCs (Hobbs et al., 2012) and activate mTORC1 (Lal et al.,
2005). However, this activation was reduced by overexpression
of Nanos2, which was accompanied by increased mRNP
condensation (Figures 2C, 3H, and 3I), indicating that condensa-
tion of Nanos2-containing mRNPs antagonized RA-induced
mTORC1 activation.
Since the condensation of mRNPs traps mTOR (the catalytic
subunit of the mTORC1 complex) and represses mTORC1
signaling (Wippich et al., 2013), we tested the hypothesis that
mTOR sequestration in GSCs is dependent on Nanos2. Interest-
ingly, mTOR localized to the cytoplasm of GSCs in a clear
speckle-like pattern, and the mTOR foci co-localized with both
Nanos2 and Rck foci (Figures 3J and 3K). Co-immunoprecipita-
tion showed that Nanos2 interacted with mTOR and another
mRNP marker, polyA binding protein 1 (PABP1) (Figure 3L).DConserved PABP1 has been shown to directly interact with
mTOR under stress conditions (Takahara and Maeda, 2012).
These results indicate that under steady-state conditions in
SSCs, Nanos2-containing mRNPs sequester a fraction of the
total mTOR protein. To further address the causal relationship
between Nanos2 expression and mTOR sequestration, we
used Nanos2-cOE GSCs. Overexpression of Nanos2 enlarged
the size and number of mRNPs (Rck staining), and the number
of speckled mTOR signals also increased and co-localized
with these Rck foci (Figures 3M and 3N). In summary, we
conclude that Nanos2 represses hyperactivation of mTORC1
by promoting mRNP condensation.
Nanos2 Recruits Differentiation-Related Transcripts
to mRNPs
Nanos2 has been implicated in both RNAdecay and translational
repression (Bhandari et al., 2014; Suzuki et al., 2012a). To iden-
tify the mechanisms underlying post-transcriptional regulation
by Nanos2-containing mRNPs in SSCs, we characterized theevelopmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc. 99
Figure 3. Nanos2 Repressed mTORC1
Signaling by Trapping and Recruiting
mTOR to mRNPs
(A and B)Western blotting of the indicated proteins
from two Nanos2-cKO GSC lines (independently
isolated, named #1 and #2) cultured with DMSO or
4-OHT. Quantification of the relative levels of
p-Akt, p-ERK, and p-RPS6 (normalized to the total
levels of the respective proteins) are shown in (B).
(C and D)Western blotting of the indicated proteins
from Nanos2-cOE cells cultured with DMSO or
4-OHT. Quantification of the mean relative in-
tensities (±SD) of p-RPS6 against total RPS6 is
shown in (D).
(E and F) Western blotting of the indicated proteins
from Nanos2-cKO cells treated with or without
4-OHT together in the presence or absence of
the mTORC1 inhibitor RAPA (20 nM). Quantifi-
cation of the mean relative intensities (±SD) of
p-RPS6 compared to total RPS6 is shown in (F).
(G) Cell recovery assay of control/RAPA (black),
Nanos2-cKO/RAPA (red), Control/RAPA+ (pink),
Nanos2-cKO/RAPA+ (blue) under normal culture
conditions. Data shown represent the mean ± SD
(n = 3).
(H and I) Nanos2-cOE GSCs were treated with or
without 4-OHT for 24 hr and then treated with or
without RA (100 nM) for another 24 hr. Samples
were collected for mTORC1 signaling analysis.
The relative p-RPS6 levels (mean ± SD) are shown
(n = 3) in (I).
(J and K) Detection of endogenous mTOR inGSCs.
IF staining of mTOR shows that it co-localized with
Nanos2 (J) and Rck (K).
(L) Immunoprecipitation of GSC lysates with an
anti-Nanos2 antibody. Normal rabbit IgG was used
as a negative control.
(M and N) IF staining of Rck and mTOR in Nanos2-
cOE cells cultured with DMSO or 4-OHT (M) and
the statistical analysis of the number of merged
foci (N; n = 17). Themean (±SD) is shown in (N). The
numbers of foci in Nanos2-cOE cells treated with
4-OHT were compared to those in cells treated
with DMSO by t test.
See also Figure S3.global mRNA profile of Nanos2-cOE GCSs (Figures S4A–S4C).
Using gene ontology (GO) analyses, we found that genes asso-
ciated with germ cell development processes, general protein
synthesis, and cell growth were repressed in Nanos2-cOE
GSCs (Figure S4A; Table S2). This is consistent with the findings
that Nanos2-containing mRNPs repress SSC differentiation and
mTORC1 signaling. In contrast, we observed Nanos2-depen-
dent upregulation of genes involved in cell adhesion processes,
including SSC niche molecules (Figure S4B; Table S2). We then
validated these results by qPCR. (Figure 4A). To determine
whether Nanos2 directly regulates these mRNAs in SSCs, we
performed an RNA immunoprecipitation (RNA-IP) assay using
samples from Flag-Nanos2-expressing testes, followed by mi-
croarray analysis. By analyzing the overlap between the immu-
noprecipitated mRNAs and the transcripts repressed by Nanos2
(Figure 4B), we identified 599 candidate genes that were en-100 Developmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc.riched in GO terms including ‘‘germ cell development’’ and
‘‘cell-cycle regulation’’ (Figure S4D; Table S2). We noted that
several germ cell differentiation-related genes, including Sohlh2,
Dmrt1, Dazl, and Taf7l, were enriched (Figure 4B). These genes
were also associated with Nanos2 in the embryonic gonad
(Saba et al., 2014) (Figure S4E), indicating a strong possibility
that these genes are directly repressed by Nanos2. We validated
the interaction by RNA-IP combined with qPCR (Figure 4C).
Since Nanos2 accumulates in Rck mRNP foci, we examined
whether these target mRNAs also interact with Rck in mRNPs
via RNA-IP. All of the possible targets of Nanos2 tested co-
immunoprecipitated with the anti-Rck antibody (Figure 4D). We
then further askedwhether Rck is required for target RNA recruit-
ment by Nanos2. Conditional knockdown of Rck reduced the
number of Nanos2 foci, but not Nanos2 expression (Figure S4F),
and the RNA-binding ability of Nanos2 did not decrease
Figure 4. Target mRNA Screening in
Nanos2-Containing mRNPs
(A) The expression level changes of key genes
induced by Nanos2 overexpression in Nanos2-
cOE GSCs. The average mRNA level in Nanos2-
cOE GSCs treated with DMSO was subtracted
from that in the same cells treated with 4-OHT
(n = 3) and is shown as (log2) (±SD).
(B) Schematic illustration showing the overlapping
transcripts that are both repressed by Nanos2 and
co-immunoprecipitated with Nanos2.
(C) QPCR analyses of the key transcripts in GSCs
immunoprecipitated with an anti-Nanos2 anti-
body. Relative enrichment compared to the input
transcript level (assigned a value of 1) (±SD; n = 3)
is shown. Enrichment of immunoprecipitated
mRNAs was compared to the input levels by t test.
Similar calculations were used in (D), (E), and (G).
(D) QPCR analyses of the same transcripts shown
in (C) with an anti-Rck antibody.
(E) QPCR analyses of RNA-IP with an anti-Nanos2
antibody from Rck-cKD GSCs treated with DMSO
or 4-OHT (cKO). The relative enrichment of each
gene in Rck-cKD GSCs treated with 4-OHT
compared to that in cells treated with DMSO
(control) is shown (±SD; n = 3) and was compared
by t test. Similar calculations were used for the
data shown in (G). NS, p > 0.05.
(F) Nanos2-cKO GSCs treated with DMSO or
4-OHT for 48 hr were collected for western blot-
ting. The Rck and Dcp1a protein levels were not
affected by depletion of Nanos2.
(G) QPCR analyses of an RNA IP of Nanos2-cKO
GSCs treated with DMSO or 4-OHT using an anti-
Rck antibody. Relative enrichment in cells treated
with 4-OHT compared to the levels in cells treated
with DMSO (control) are shown (±SD; n = 3).
*p < 0.05; **p < 0.01.
See also Figure S4.(Figure 4E). Intriguingly, in Nanos2-cKOGSCs, Rck protein levels
were similar to that in wild-type cells (Figure 4F). However,
several of the Nanos2 targets were barely precipitated by Rck
(Figure 4G). These results suggest that Nanos2 is essential for
loading specific differentiation-related mRNAs into Rck-contain-
ing mRNPs.
Post-transcriptional Regulation of Selected Target
mRNAs in Nanos2-Containing mRNP Foci
Because Nanos2 localized in both PBs and SGs (Figures 1
and 3), it is possible that in GSCs, Nanos2-interacting mRNAs
may be degraded or stored through both RNA decay and/or
sequestration in a post-transcriptional manner. To confirm this
hypothesis, we attempted to compare the level of Nanos2 target
mRNAs in GSCs (from a list of candidates generated with using
results from the IP experiments) that coimmunoprecipitation
(coIP) with Nanos2 to the input (Figure 4C). To identify RNAs
under mainly post-transcriptional regulation, we compared the
un-spliced pre-mRNA and spliced mature mRNA levels by
qPCR with using specific primer sets to distinguish these tran-
scripts (Figure S5A). Unspliced mRNA that includes introns is
synthesized from template DNA (including introns) and is then
spliced and exported into the cytoplasm as the mature mRNA,
which will then undergo post-transcriptional regulation and/orDetranslation. We found that in GSCs in the absence of Nanos2,
the mature transcript levels of the sohlh2, Dmrt1, and Dazl
were remarkably increased without significant changes in the
un-spliced mRNA levels (Figure S5C). This result indicates that
Nanos2 mainly represses these genes in a post-transcriptional
manner. In contrast, Sohlh1 and Taf7l, which also interacted
with the Nanos2 complex, were upregulated at the pre-mRNA
level, suggesting that an indirect transcription regulatory mech-
anism may also exist for these transcripts (Figure S5B).
Next, to examine the fate of the target mRNAs in Nanos2/
mRNPs upon deletion of Nanos2, we fractionated GSCs by
sucrose density gradient centrifugation. This method is useful
for understanding the mechanisms of translational regulation.
Fractionation of cell lysates allows isolation and quantification
of the mRNAs and/or proteins in mRNP complexes and different
ribosome fractions (Figure 5A) (Tahmasebi et al., 2014). This
results showed that Dcp1a (found only in PBs) was associated
with mRNPs, while Rps6 (a 40S ribosome component) was
distributed in all fractions, but was present at relatively higher
levels in monosome fractions. Nanos2 and Rck were distributed
in the mRNP and light monosome fractions, consistent with their
possible function in translational repression (Figure 5A). As ex-
pected from our results (Figures 3J–3L), mTOR was observed
in the mRNP fractions (Figure 5A). Upon Nanos2 knockout, wevelopmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc. 101
Figure 5. Regulation of GermCell Differenti-
ation-Related Genes by Nanos2-Containing
mRNPs
(A) Top panel: subcellular fraction profile of GSCs
generated by sucrose gradient centrifugation as a
polysome assay. Lower panel: the total protein
from each fraction was used for western blotting,
and a representative blot is shown (n = 3).
(B) Distribution of Gapdh, sohlh2, Dmrt1, and Dazl
transcripts in Nanos2-cKO GSCs treated with
DMSO or 4-OHT for 48 hr. The transcript levels in
each cell fraction were analyzed by RT-PCR. The
percentage of each total transcript present in the
major fractions (mRNP, monosomes, and poly-
somes) is shown (n = 3, also see Figure S5).
(C) Co-immunofluorescence staining of Nanos2
and Sohlh2 proteins in GSCs treated with DMSO
(control) or 4-OHT (Nanos2-cKO) for 48 hr. DNA
was counterstained with DAPI (blue). Scale bar,
10 mm.
(D and E) Nanos2-cKO GSCs treated with DMSO
or 4-OHT for 48 hr were collected for western
blotting. Sohlh2, Dmrt1, and Dazl levels were
increased with the depletion of Nanos2. The rela-
tive intensity of each protein (±SD) is shown (n = 3)
in (E). The level of each protein in 4-OHT-treated
Nanos2-cKO GSCs was compared to the level in
DMSO-treated Nanos2-cKO GSCs (assigned a
value of 1).observed an increase in general translation via the total RNA dis-
tribution in the polysome fractions (Figure 5A), which agrees with
our data showing increased mTORC1 activity upon depletion of
Nanos2 (Figure 3). To determine the fate of specific targetmRNAs
upon Nanos2 depletion, we compared the mRNA distribution in
control and Nanos2-cKO GSCs. As expected, in the presence
of Nanos2, Sohlh2mRNAwas present mainly in the untranslated
mRNP fraction (50%), whereas in Nanos2-cKO GSCs, half of
the Sohlh2 mRNA was shifted to the polysome fractions, indi-
cating ongoing active translation (Figures 5B and S5D). Similar
distribution patterns were also observed for Dazl and Dmrt1,
but not for Gapdh, which is not a Nanos2 target (Figure 5B).
Consistent with themRNA profiles, we observed a significant up-
regulation in the protein levels of Sohlh2 (Figures 5C–5E) andDazl
and Dmrt1 (Figures 5D and 5E) in the Nanos2-cKO GSCs.
Considering the localization of Nanos2 in both SGs and PBs
and the sequestration function of mRNPs, we hypothesized
that a fraction of the target RNAs were stored in mRNPs for rapid
translation. To test this hypothesis, we blocked general tran-
scription with actinomycin D (Act D). In the presence of RA, the
levels of the differentiation proteins Sohlh2 and Dazl were signif-
icantly induced in GSCs; this upregulation was independent of
de novo transcription (Figure S5E), indicating that a fraction of
the mRNAs was stored in mRNPs. Taken together, these results
indicate that Nanos2-containing mRNPs are required to repress
the translation of these differentiation genes.102 Developmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc.Sequestration of Target mRNAs in
Nanos2-Containing mRNPs
To obtain direct evidence that Nanos2 is
involved in the sequestration of target
RNAs in mRNP complexes, we used theMS2-mediated RNA visualization system (Lee et al., 2010). We
chose Sohlh2 mRNA for this assay since it was most strongly
repressed by Nanos2 (Figure 4A). Incorporation of repeated
MS2 sequences within the Sohlh2 cDNA generates a stem-
loop secondary structure that is specifically recognized and
tagged by theMS2 protein. We established a stable GSC line ex-
pressing an MS2-VENUS fusion protein with a nuclear localiza-
tion signal (NLS), which localizes the MS2 protein to nuclei in
the absence ofMS2 stem-loop taggedmRNA.We then prepared
constructs that expressedSohlh2mRNAwith the original 30-UTR
or BGHpA and 12 tandem MS2 RNA hairpins (Figure 6A). In the
control cells containingSohlh2mRNAwithout theMS2RNA hair-
pins, MS2 protein exclusively localized in the nuclei (Figure 6B).
In cells containing the Sohlh2 mRNA construct with the MS2
RNA hairpins, MS2-Sohlh2 mRNA foci were visible in the cyto-
plasm. Importantly, these signals co-localized with Nanos2 (Fig-
ure 6B). In the presence of Nanos2, MS2-Sohlh2 mRNA was
mainly co-localized with the Rck signals. However, the co-local-
ization of MS2-Sohlh2 mRNA with Rck foci was lost when
Nanos2 was knocked out (Figures 6C and 6D). These observa-
tions are consistent with our IP results, which indicated that
Nanos2 recruited the transcripts to mRNPs (Rck foci). We also
found that this localization depended on the 30-UTR, since this
co-localization was significantly reduced in the MS2-Sohlh2-
BGH-pA-expressing cells (Figures 6E and 6F). Taken together,
these results support the idea that Nanos2 represses Sohlh2
Figure 6. In Situ Detection of a Direct Inter-
action between Nanos2 and Target mRNAs
(A) Diagram of the method used for the in situ
observation of target mRNAs tagged by the MS2
system.
(B) Visualization of the mRNAs by IF using an
anti-GFP antibody in GSCs expressing NLS-HA-
MS2-VENUS. Sohlh-mRNA was detected in the
cytoplasm only when the sohlh2 mRNA contained
an MS2-sequence, and the signal co-localized
with Nanos2 (red). Scale bar, 5 mm.
(C and D) Representative IF images showing the
localization ofMS2-Sohlh2 mRNA (green) with Rck
protein (red) in Nanos2-cKO GSCs treated with
DMSO or 4-OHT for 48 hr (C) and the statistical
analysis of merged foci ofMS2-Sohlh2 mRNA and
Rck (D; n = 20). The data shown are the mean
(±SD). The number of foci in Nanos2 cKO GSCs
treated with 4-OHT were compared to that in cells
treated with DMSO by t test.
(E and F) Comparison of the sohlh2-30-UTR and
BGH-polyA for interaction with Nanos2 protein in
wild-type GS cells (n = 20). Representative IF im-
ages are shown in (E) and the average data for the
merged foci are shown in (F).mRNA in a 30-UTR-dependent manner by recruiting the tran-
scripts to mRNPs.
Uncontrolled Translation of Sohlh2 Protein Destroyed
the Balance of SSCs In Vivo
Our results clearly showed thatNanos2directly repressedseveral
targetmRNAs in culturedGSCs, andSohlh2wasamong themost
strongly repressed targets. Interestingly, wholemount staining of
adult seminiferous tubules revealed that most of the Nanos2+
cells had no Sohlh2 protein and a reduced amount of Sohlh2
mature transcripts (Figures S6A–S6C), indicating that this repres-
sion also occurs in vivo. To investigate the in vivo significance of
Nanos2-mediated Sohlh2 repression, we established a trans-
genic mouse line that can express Sohlh2 independently of
Nanos2. For this purpose, we converted the original 30-UTR of
Sohlh2 cDNA into BGH pA to relieve the Nanos2-dependent
repression and generated CAG-floxed-mRFP-sohlh2-3 3 Flag-
BGH-pA transgenic mice. To ectopically induce Sohlh2 accu-
mulation in GFRa1+/Nanos2+ spermatogonia, we crossed the
transgenicmicewithGFRa1-CreERT2mice,whichallowed induc-
tion of CRE activity by 4-OHT injection (Figure 7A). We observedDevelopmental Cell 34, 96strong induction of Sohlh2 protein
levels in GFRa1+ cells and decreased
expression of GFRa1 2 days after 4-
OHT injection (Figure 7B). To quantitate
the number of SSCs, we introduced a
Nanos2-enhancer-eGFP-pA transgene,
which allowed us to count primitive
SSCs by FACS. The number of Nanos2-
GFP cells was significantly decreased
after 14 and 28 days of induction
(Figure 7C). We then established a
cultured Nanos2-GFP+ GSC line from
CAG-floxed-mRFP-floxed-sohlh2-3 3Flag-BGH-pA; GFRa1-CreERT2 transgenic mice to induce
Sohlh2 expression (Figure 7D). We successfully induced func-
tional Sohlh2, which was confirmed by the upregulation of its
direct transcriptional target, Sohlh1 (Figure 7D) (Suzuki et al.,
2012b) and other downstream genes (C-kit and Ngn3; Fig-
ure S6D). Consistent with a report that Sohlh2 represses the
transcription of Gfra1 in cultured GSCs (Suzuki et al., 2012b), af-
ter induction of Sohlh2 translation, we also observed decreased
expression of Gfra1 and Ret, which encode GDNF signal co-
receptors (Figure 7E). In addition, we found that the cell recovery
efficiency of Sohlh2-expressing GSCs (ectopically) was lower
than that of the control cells in the presence of low levels of
GDNF (Figure S6E). Thus, we hypothesized that uncontrolled
translation of Sohlh2 reduces self-renewal signaling and further
leads to premature differentiation of SSCs. As expected, after
28 days of 4-OHT injections, clear testicular defects were
observed (Figure 7F). Furthermore, we observed a significant
reduction in the numbers of GFRa1+ and Plzf+ cells (Figures
7G–7J). To trace the long-term effect of Sohlh2 ectopic expres-
sion, we crossed the transgenic mice with Nanos3-Cre mice
(another germ cell-specific Cre line; Figure S6F) (Sada et al.,–107, July 6, 2015 ª2015 Elsevier Inc. 103
Figure 7. Unrestrained Expression of
Sohlh2 in SSCs Promotes Differentiation
(A) Method used for forced expression of Sohlh2
by eliminating post-transcriptional regulation of
sohlh2 in Nanos2+/GFRa2+ population. GFRa1-
CreERT2was used to induce Sohlh2 expression by
4-OHT injection. Samples were collected at 2, 14,
and 28 days after injection of 4-OHT.
(B) Induction of Sohlh2 expression (Flag; red) in
GFRa1+ cells (green). Whole mount immunostain-
ing of 4-week TG testis tubules at 2 days after
injection with oil (control) or 4-OHT.
(C) Total Nanos2+ (Nanos2-enhancer-EGFP) cells
were analyzed in Sohlh2 TG mice injected with oil
(n = 3) and 4-OHT (n = 3) at the indicated times by
FACS. The data shown are the average cell
number (±SD). The average number of Nanos2+
cells in 4-OHT-injectedmice was compared to that
in DMSO-injected mice by t test.
(D) Sohlh2-cOE GSC lines established from TG
mice were cultured with DMSO or 4-OHT for 48 hr,
and total protein was collected for western
blotting.
(E) The relative expression of self-renewal-related
mRNAs was examined in Sohlh2-GSCs treated
with DMSO or 4-OHT for 48 hr by qPCR. Average
mRNA levels (±SD) are shown (n = 3).
(F–H) Testis sections prepared from sohlh2-cOE
TG mice at 28 days after injection with oil and
4-OHT were examined by H&E staining (F), IF
staining of GFRa1+ (green in G), and Plzf+ (red in H).
Scale bars, 50 mm.
(I and J) Comparison of the number of GFRa1+ (I)
and Plzf+ (J) cells per seminiferous tubule in control
(oil) and sohlh2 TG mice (4-OHT). The data shown
are the average of 30 tubules (±SD).
(K) Schematic illustrations of the post-transcrip-
tional regulation mediated by mRNP foci with (top)
and without (bottom) Nanos2 in Nanos2+ and
NGN3+ spermatogonia.
See also Figure S6.2009). A significant reduction in testis weight was observed
(Figure S6F), and several empty seminiferous tubes without
germ cells were observed at 20 weeks (Figures S6G and S6H).
Taken together, these results demonstrate that repression of
Sohlh2 in GFRa1+/Nanos2+ spermatogonia is essential for SSC
maintenance.
DISCUSSION
Here, we propose a model in which an elaborate post-transcrip-
tional circuit involving the Nanos2/mRNP pathway controls the
fate of SSCs (Figure 7K). We demonstrated that specific differen-
tiation-related mRNAs are degraded and/or stored in mRNP
granules, where the presence of Nanos2 ensures their repres-
sion. Interestingly, we also revealed that Nanos2-induced
mRNP condensation traps the signal transducer mTOR and
represses mTORC1 activity in SSCs. Once Nanos2 is removed
or the mRNPs dissociate, specific transcripts are rapidly
released and translated, and the accumulated proteins can
repress self-renewal and promote spermatogenesis progres-
sion. Meanwhile, dissolved mRNPs release mTOR, which acti-104 Developmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc.vates mTORC1 signaling and further accelerates translation of
the released mRNAs. These Nanos2/mRNPs mediate a ‘‘post-
transcriptional buffer’’ system in spermatogonia and control
fate decision. Similar regulatory mechanisms that involve cyto-
plasmic mRNPs were recently reported in other adult tissue-
specific stem cells such as muscle satellite cells and neural
stem cells (NSCs) (Crist et al., 2012; Lou et al., 2014), indicating
that post-transcriptional regulation balances adult stem cell
maintenance and predetermined differentiation programs.
Nanos2 Captures Dormant mRNAs and Promotes
Cytoplasmic mRNP Assembly
We report here that the assembly of mRNPs is important for SSC
function. The formation of cytoplasmic mRNP granules (both
PBs and SGs) is based on two principal requirements: untrans-
lated mRNAs for assembly and the presence of RNA-binding
proteins with aggregation domains (such as Rck, which contains
a prion-like domain) for condensation (Mitchell and Parker,
2014). We provided several lines of evidence that Nanos2 con-
tributes to the recruitment of untranslated mRNAs. However,
we note that this recruitment cannot ensure effective repression
of RNAs. In Rck-knockdownGS cells, even Nanos2 still recruited
mRNAs, the poor assembly of mRNPs caused by Rck depletion
still led to rapid differentiation of these GSCs, in which Nanos2
target mRNAs increased. Whether aggregation of mRNPs is a
consequence or the functional cause of target repression is
controversial (Eulalio et al., 2007). Our data clearly showed that
the disassembly of mRNPs induced by Rck depletion influences
the repression of dormant mRNAs and subsequent SSC homeo-
stasis. Therefore, we speculate that the cooperation between
Nanos2 and other mRNP components guarantees maintenance
of the primitive status of spermatogonia. In this context, differ-
entiation-related transcripts are first recruited by the Nanos2
complex, which then aggregates to form PBs and/or SGs for
degradation and/or storage.
The Nanos2-mRNPs mTOR-Trapping Mechanism
Provides the Necessary Flexibility to SSCs
We showed that Nanos2+ SSCs are in a relatively quiescent state
compared to other spermatogonia progenies; this can be attrib-
uted to the enhanced sequestration of mTOR by Nanos2-con-
taining mRNPs, which prevents hyperactivation of mTORC1
signaling. Activation of mTORC1 promotes SSC growth and dif-
ferentiation (Hobbs et al., 2010), and it also negatively regulates
GDNF signaling in SSCs. Generally, mTOR protein is recruited
to stress-induced mRNPs under stress conditions, where it re-
mains in an inactive state (Takahara and Maeda, 2012). This
mTOR-trapping mechanism ensures transient repression of cell
growth under stress and rapid cell growth after recovery from
stress. However, sequestration and inactivation of mTOR in
mRNPs within SSCs and cultured GSCs occurs at steady state,
during which Nanos2-mediated organization of mRNPs controls
mTOR1activity; thus,mTORC1 inhibition appears to be indepen-
dent of stress. Once GFRa1+/Nanos2+-primitive SSCs differen-
tiate into the Ngn3+ subtype, they initiate a rapid proliferation
and differentiation program (Hara et al., 2014). We think that a
Nanos2-mediated mTOR-trapping mechanism facilitates the
transition by releasing mTOR for rapid activation. In addition,
mTORC1 activation produces a high level of intracellular reactive
oxygen species (ROS), which is a major cause of DNA damage
(Laplante and Sabatini, 2012). Therefore, another merit of this
mechanism is the inhibition of ROS accumulation in Nanos2+
SSCs, which prevents DNA damage tomaintain genetic stability.
Nanos2/mRNPs Act as a Buffer System that Is Exploited
by SSCs during the Fate Decision-Making Process
The above-mentioned functions of Nanos2 also have important
implications for understanding of the role of mRNP aggregates
in spermatogonial fate decision. Germ cell differentiation during
spermatogenesis depends on the seminiferous epithelial cycle,
in which a cycle of differentiation signaling (RA) (Yoshida et al.,
2006) and self-renewal signaling (GDNF) (Hasegawa et al.,
2013) affects the development of germ cells and generates a
differentiation stage-dependent germ cell distribution (Hess
and Renato de Franca, 2008). However, GFRa1+/Nanos2+ prim-
itive spermatogonia randomly distribute along the seminiferous
tubule (Hara et al., 2014). These observations indicate that
GFRa1+/Nanos2+ spermatogonia retain relatively stable, cell-
autonomous mechanisms to balance the response to the self-
renewal and differentiation signals. We propose that one criticalDemechanism is the cytoplasmic Nanos2/mRNPs-mediated post-
transcriptional buffer system.Nanos2-containingmRNPs control
the temporal/spatial translation of dormant mRNAs to avoid
frequent changes in the levels of mRNAs and protein products
in a stage-dependent manner. Notably, this mechanism includes
both RNA decay and sequestration; the degradation pathway
compromises the continuously transcribed mRNAs, and the
storage pathway provides a rapid inventory of dormant tran-
scripts upon differentiation. Thus, Nanos2-containing mRNPs
effectively reconcile these alternating signals with an even distri-
bution of GFRa1+/Nanos2+ SSCs. This mechanistic concept
might be helpful for the characterization of unidentified niches
in mammalian spermatogenesis. Many adult stem cells, such
as hematopoietic stem cells, NSCs, and mesenchymal stem
cells, are preferentially located in a niche under stress conditions
such as hypoxia (Mohyeldin et al., 2010). Indeed, physiological
stresses often induce the assembly of cytoplasmic mRNPs in
cells (Franks and Lykke-Andersen, 2008). This is conducive for
repressing cell growth and differentiation under stress conditions
(Mohyeldin et al., 2010). However, GFRa1+/Nanos2+ SSCs are
uniformly locatedalong the seminiferous tubule, andNanos2pro-
motes the assembly of mRNPs independent of stress stimuli.
Therefore, unlike other adult stem cells, SSCs may not neces-
sarily exist in a specific stress location, but rather may be
randomly distributed along the seminiferous tubule. This localiza-
tion pattern is critical for sustainable spermatogenesis in the
testis, which has a long (2m) tubule structure (Hara et al., 2014).Nanos2-Containing mRNPs Facilitate Maintenance of
GDNF Signaling in SSCs
The major targets of Nanos2, such as Sohlh2, Dmrt1, and Dazl,
which undergo Nanos2/mRNPs-dependent post-transcriptional
regulation, can promote spermatogonial differentiation (Phillips
et al., 2010). Using transgenic mice, we clarified the role of
Nanos2-mediated Sohlh2 repression in SSCs. Our observations
indicate that a GDNF-Nanos2 signaling cascade controls SSC
self-renewal. Tight repression of Sohlh2 is critical, because
Sohlh2 represses Gfra1, which renders SSCs refractory to the
self-renewal GDNF signal. In addition, Sohlh2 also enhances
Ngn3 and c-Kit expression. The majority of Ngn3+ and c-Kit+
cells are primed to undergo environmental cue-driven differenti-
ation. Thus, Nanos2-mediated repression of Sohlh2 supports
self-renewal signaling. We note that Nanos2 may also contribute
to the maintenance of self-renewal signaling by repressing
mTORC1, since GDNF signaling is antagonized by mTORC1
activity (Hobbs et al., 2010).
In conclusion, our data provide evidence of a post-transcrip-
tional switch mechanism that controls adult stem cell differenti-
ation. The indispensable function of mRNP complexes in SSCs
warrants further investigation, as it may provide insight into other
aspects of adult stem cell research. Moreover, our findings pro-
vide a clear and explanation for the necessity of Nanos2 in male
germline maintenance.EXPERIMENTAL PROCEDURES
Mouse Maintenance and Manipulation
Nanos2 cKO, Nanos2 cOE, Rosa-CreERT2, and Nanos3-Cre mice were main-
tained and used as previously described (Sada et al., 2009). Transgenic mousevelopmental Cell 34, 96–107, July 6, 2015 ª2015 Elsevier Inc. 105
lines expressing mCherry from the Nanos2 promoter and CAG-floxed mRFP-
Sohlh2-BGHpA were generated via microinjection of the constructs into
fertilized eggs. The GFRa1-CreERT2 mouse line was kindly provided by Dr.
Hideki Enomoto (Kobe University) and was used as previously described
(Hara et al., 2014). All animal experiments were conducted with the approval
of the Institutional Animal Care and Use Committee of National Institute of
Genetics.
Cell Culture
GSC lines were established and cultured as previously described (Kanatsu-
Shinohara et al., 2003). To induce Cre activity in GSCs containing Rosa-
CreERT2, 4-OHT (1 mM) was added to the GSC medium at the indicated
time points. RA (100 nM; Wako) was used to induce mTORC1 signaling and
GSC differentiation. RAPA (20 nM; LC Laboratories) was used to inhibit
mTORC1 signaling. The 293T cell line was used for lentivirus production as
described previously (Hasegawa and Saga, 2012). Details are provided in
the Supplemental Experimental Procedures.
3-D mRNP Focus Counting
We counted the mRNP foci using a reported method (Crist et al., 2012) with a
minor modification. Briefly, after staining with primary antibodies against
mRNP components (Nanos2, Dcp1a, and Rck), cells were re-suspended in
low-melting agarose gel (1%) to maintain the cell structure. Then collected
images by z stack scanning (0.5 mm/slide, 18–20 slices per cell). To count
mRNP focus number in single cell, we reconstructed the images from each
cell as 3D projections and counted every clear focus without consideration
of size of the foci. Focus numbers were represented as mean ± SD via sta-
tistics analysis.
Immunofluorescence and immunohistochemistry
Testes tissues and cultured GSCs were processed for immunofluorescence
(IF) and immunohistochemistry (IHC) analyses as previously described
(Hasegawa and Saga, 2012). The detailed methods and antibodies used are
provided in the Supplemental Experimental Procedures.
CoIP and Western Blotting
CoIP and western blotting analysis of GSCs were performed according to a
previously described method (Hasegawa et al., 2013; Hobbs et al., 2012).
The detailed methods and antibodies used are provided in the Supplemental
Experimental Procedures.
RNA-IP
Nanos2- or Rck-associated RNAs were obtained by IP using a previously
described method (Suzuki et al., 2009). Briefly, GSCs (106 cells per reaction)
were resuspended in lysis buffer. GSCs lysates were centrifuged at
20,000 3 g for 15 min, and the supernatant was collected, divided into three
aliquots, and incubated with anti-Nanos2 Dynabeads, anti-Rck Dynabeads,
and IgG-Dynabeads at 4C overnight. Input and immunoprecipitated mRNAs
were isolated using TRIzol reagent (Invitrogen). The RNAs were used as tem-
plates either to generate Cy3-labeled RNA probes for microarray hybridization
or for cDNA synthesis in the qPCR analysis.
Microarray Analysis
Microarray analysis was performed as previously described (Hasegawa et al.,
2013). Microarray data have been deposited in the Gene Expression Omnibus
under accession numbers GSE61808 (Nanos2 cOE) and GSE61807 (Nanos2
IP).
Statistical Analysis
The statistical significance of differences in cell recovery, foci number, and
flow cytometry analysis results were assessed using a one-tailed t test. Aster-
isks in figures indicate statistical significance: *p < 0.05; **p < 0.01; ***p <
0.001; NS, not significant.
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